The equivalent magnetic noise spectral density level for long type magnetostrictive-piezoelectric laminated composites has been investigated by using a 1D equivalent circuit model, and exemplified for a longitudinal-transverse mode. The theoretical developments explain well our experimental results. The findings show that similar ultimate magnetic noise spectral noise density can be expected whether using either charge or voltage amplifier detection methods. The findings show that a volume effect and the dielectric loss factor of the piezoelectric layer are the dominant sources of the noise floor. Our findings show that the noise scales as 1/Hf. The lowest equivalent noise floor value that has been observed is 10/Hf pT/HHz for f ( 10 kHz, with a white noise level of 100 fT/HHz above 10 kHz.
I. INTRODUCTION
Magneto-electric (ME) laminated composites have excellent performances as sensors for magnetic field detection.
1-3 The magnetic signal is converted into an electrical signal via elastic strain or stress interactions between magnetostrictive and piezoelectric layers. Hence, a strong current or voltage coupling is realized as a product of the magnetostrictive-piezoelectric properties. [4] [5] [6] Stresses, or displacements, in the magnetic or piezoelectric layers convert energy between the layers of the laminate. These two elastic elements have been regarded as mechanical voltage and current sources respectively, in our prior equivalent-circuit models. 7, 8 The ME laminated composites can be considered as voltage or charge sources, 9 with associated ME voltage a V ME or charge a Q ME coefficients. Both are key factors for the signal transfer capabilities of ME laminated composites. 7, 10 The equivalent magnetic noise spectral density is the best measure of the sensitivity of magnetic sensors to small magnetic field variations: 11 the lower the noise level, the better the sensor resolution. In order to amplify a signal sensed by an ME laminate, a charge or voltage amplifier is required. 12 Both detection methods have associated noise sources. For ME laminated composites and amplifiers, the noise sources can be classified as: (i) the dielectric loss in the piezoelectric layers, (ii) the Johnson noise of the resistors, and (iii) the noise sources of the operational amplifier used. 10, 12, 13 The intrinsic sensor noise sources determine the ultimate noise level which is the case when the other noise sources can be considered as negligible. We neglect, in this model, the noise of the magnetostrictive layers, because we expect the latter to induce a much smaller noise contribution compared to the intrinsic piezoelectric material noise.
Around a certain dc magnetic bias field the response of ME composites for a small AC magnetic signal is linear. [14] [15] [16] [17] So, we have used this assumption for our modeling. On the basis of the linear piezoelectric and magnetostrictive constitutive equations, an ME laminated sensor can be represented by an equivalent circuit, 7, 18, 19 where the magneto-elastic coupling and elasto-electric coefficients are mimicked by an ideal transformer. Furthermore, the voltage or charge coefficients can be determined using the piezoelectric, magnetostrictive, elastic compliance, and permeability constants, and the relative volume factor of layers. Using this equivalent circuit and by taking account of all noise sources, we have evaluated the ultimate equivalent magnetic noise floor of ME sensors.
In the following sections, we shall analyze the theoretical noise limits of a ME sensor. The noise sources will be described using both charge and voltage amplifiers, yielding the ultimate and intrinsic magnetic noise of the sensor. The given theoretical model is generalized for all ME sensor operational modes. Experimental results and measurement conditions will also be presented and compared to the model.
II. THEORETICAL ANALYSIS

A. 1D model at low frequencies
The key importance of the 1D approximation method as given by Mason's model is that it helps to evaluate the performance and the working principles of an ME sensor. 7, 18, 20, 21 Notice that the mechanical motions are considered to exist only in the longitudinal direction of the sensor. For the perpendicular direction, magnetostrictive and piezoelectric layers are considered as free bodies. Therefore, there are no perpendicular strains or stresses between the layers in given model. There are four basic operational modes that need to be considered for 1D ME laminated sensor modeling. 7, 18 These are classified by the direction of the sensed magnetic field and polarized electric field. The "L-L" mode defines longitudinal magnetic field and longitudinal polarized electric field axes directed along the long axes of the laminate. Similarly, the "L-T," "T-L," and "T-T" modes designate longitudinal magnetic and transverse poled electric fields, transverse magnetic and longitudinal electric fields, and transverse magnetic and transversely poled electric fields, respectively. In 1D, the displacement direction is along the longitudinal or long axis of the laminate sensor.
For example, a schematic of a laminate with a L-T configuration consisting of two magnetostrictive layers and one piezoelectric layer is given in Fig. 1 . In this example, the parameters E (electric field), D (electric displacement), H (magnetic field), and B (induction field) are shown along the 3 direction of their self-axes. The dimensions of the piezoelectric and magnetostrictive layers are l Â w Â t p and l Â w Â t m , respectively. The forces at both edges, F 1 and F 2 , of the ME laminated sensor are given by
&
In free boundary conditions, for the type of sensors we tested, these forces are null (F 1 ¼ F 2 ¼ 0). From the linear basic piezoelectric and magnetostrictive equations,
we can obtain the following system of equations We also need to consider the electric potential that is coupled with (1), which can be obtained as 
where V is the induced voltage. Thus, the equivalent circuit can be deduced from the above equations, as shown in Fig. 2 . The latter presents a complete 1D equivalent circuit for a ME laminate sensor. 7, 18, 19 We notice that the magnetic field H, voltage V, or current I are linked to the vibration speed. For the L-T mode, we can define four parameters: (i) u p ¼ w 
, which is the capacitance of the piezoelectric layer.
B. 1D model at the resonant frequency
At the resonant frequency, the equivalent circuit of ME laminates are nearly constant with frequency. 10 Consequently, the mechanical resistance can be written for the quasistatic state x ( 2p f s (where f s is the mechanical resonant frequency of the system) as
We define n as the thickness ratio of the magnetostrictive to piezoelectric layers of the sensor. This changes (3) to
where A ¼ wt p þ t m ÀÁ is the side surface area of the sensor. Using the basic constitutive equations of
,w e are then able to obtain the equivalent circuit model for the L-T mode of Fig. 3 to that in Fig. 4 . The main difference in the circuits of these figures is that the capacitance, ÀC, is removed in Fig. 4 . This is because we used the compliance coefficient s 
C. Charge and voltage coefficients at low frequencies
From the simplified equivalent circuits given in Figs. 3 and 4, the ME voltage coefficient (in (V/A)/m) can be given as
and the ME charge coefficient (in (C/A)/m) as
After inserting C ¼ 
D. Charge and voltage coefficients at the resonant frequency
From the simplified equivalent circuit in Fig. 4 , the mechanical resistance can be written as
ÀÁ
, and simplified using the Taylor series expansion of
ðÞ (n is odd) to
At resonance, the ME sensor can be considered as a mechanical oscillator with a wavelength, k, equal to 2l, where l is the length of the ME laminate. The corresponding wave number is k ¼
Thus, the equation for the mechanical impedance can be reduced to
where
The equivalent mechanical resistance of the ME laminate sensor is given by 18, 19 
, where Q mech is the mechanical quality coefficient and x s is the resonance frequency. By including the resistance (magnetic or mechanical loss) R mech as a dissipation, we can obtain the expression for the impedance as
, as illustrated in the circuit of Fig. 5 . Thus, we obtain the ME voltage 
We can thus reduce (11) to 
Similarly, the ME charge coefficient can be obtained as 
E. Equivalent magnetic noise at low frequencies when using a charge amplifier
To amplify a magnetic signal sensed by the ME laminate, a charge amplifier can be used. The circuit in this case is given in Fig. 6 . The Johnson noise source of the resistor R 1 is e n_R1 ; the equivalent noise sources of the charge amplifier (e n , i n ), and the dielectric loss factor of piezoelectric layer are considered as the main noise sources. The output voltage and equivalent magnetic noises of the sensor have been evaluated
ðÞ CR , and 
The parameters b n (f) and q n vib ðf Þ are the magnetic noise of the sensor and the equivalent charge noise induced by mechanical vibration (i.e., elastic and/or acoustic waves), respectively. We can assume that R ) R 1 and that the trans- 
Using a well-designed low noise amplifier and by taking into account the main sensor noise contribution, we can obtain the theoretical equivalent magnetic noise spectral density of the ME sensor unit as 
Similarly, with the help of some classical piezoelectric and magnetostrictive parameters from Table I , we were able to evaluate the sensor noise spectral density as a function of the layer thickness ratio n as 
where V vol ¼ lwt lam ðÞ is the volume of the sensor. The equivalent magnetic noise spectral density as a function of n is shown in Fig. 10(i) and the ME charge coefficient a Q ME f ðÞ as afunctionofn in Fig. 7 . The analysis in term of noise shows that an optimal value of the thickness coefficient occurs for n % 0.8 contrarily to what one would expect from Fig. 7 .
F. Equivalent magnetic noise at low frequencies when using a voltage amplifier
Similarly, the equivalent noise model for ME laminates using a voltage preamplifier detection method 9 has been analyzed following the circuit given in Fig. 8 . In this case, the output voltage noise of the system can be given by Table I .
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We assume that R 1 ==R 2 ðÞ 2 i 2 n is negligible. The output transfer function (in V/T) is
The latter can be reduced if R ) R x and R !1 to
ðÞ . We can then obtain the equivalent magnetic noise spectral density of the sensor with associated voltage preamplifier electronics as 
After simplification and taking account of the ME sensor parameters, the equivalent magnetic noise spectral density reduces to
With a similar hypothesis as that for charge amplifiers given above (i.e., RCx ðÞ for ME charge amplifier mode (i) and for ME voltage mode (ii) vs n at f ¼ 1 Hz with respect to data from Table I . 
and the ultimate sensor noise spectral density is 
Similarly, as in the previous description and by using the parameters given Table I , we can determine the ME voltage coefficient a V ME f ðÞ(see Fig. 9 ) and the equivalent magnetic noise spectral density (see Fig. 10 ) as functions of n. These figures show that the optimal layer ratio factor was about n ¼ 0.67 for the voltage coefficient, and about n ¼ 0.8 for the equivalent magnetic noise spectral density. By comparing 
the ultimate equivalent magnetic noise using both charge and voltage amplifiers, we can conclude that, if the circuits are well-designed, then there should be no difference between using charge and voltage amplifier detection methods for ME laminates.
G. Equivalent magnetic noise at the resonant frequency when using charge or voltage amplifier
The equivalent magnetic noise has also been investigated using the 1D equivalent circuit model for both charge and voltage amplifiers. Near the principal mechanical resonant frequency, a similar value for the ultimate magnetic noise spectral density was obtained for the ME laminate using either amplifier of 
The value of b n,fs was estimated to be 6.5 fT/HHz at resonance using Q m % 50, f s ¼ 30 kHz, and the data given in Table I .
H. Generalization
Finally, we extend this model to all four of the basic ME modes (L-L, T-L, L-T, T-T) using charge and voltage amplifiers. Tables II and III summarize the coefficients and the ultimate magnetic noise spectral densities that we obtained.
III. EXPERIMENTAL MEASUREMENTS
We have implemented both charge (R 1 ¼ 1000 GX, C 1 ¼ 10 pF, i n ¼ 0.41 fA/HHz) and voltage (R 1 ¼ 100 X, R 2 ¼ 3.3 kX, R x ¼ 10 GX, and a LTC6240 OpAmp : e n ¼ 7 nV/HHz, i n ¼ 0.6 fA/HHz) amplifier detection methods for ME laminate sensors, using the circuits shown in Figs. 6 and 8, respectively. The ME laminates consisted of Pb(Mg1/ 3Nb2/3)O 3 -PbTiO 3 crystal fibers sandwiched between Metglas layers, following a structure and fabrication methods 3 The noise sources were modeled by Eqs. (18) and (24). Their corresponding contributions to the output voltage noise are given in Figs. 11(b) and 12(b) , respectively. Please note that R 1 and R 2 are both much lower than R x, so that the effect of R x can be considered as negligible.
Using both amplification methods, the equivalent current noise of the amplifiers yielded a 1/f slope in the output voltage spectral noise density, as can be seen in Fig. 12 .I n addition, in the middle to low frequency range, the slope of the noise density that was induced by the dielectric loss factor of the piezoelectric layer was found to vary as 1/Hf. The voltage noise of the amplifiers sets the white noise level in the frequency range of 10 3 < f < 10 4 Hz. Near the mechanical resonant frequency (% 30 kHz), a very low equivalent magnetic noise level was obtained. The dashed orange curves in Figs. 11(c) and 12(c) show the calculated equivalent input magnetic noise and they fit quite well with the experimental results. Figure 13 compares the equivalent magnetic noise level obtained using both charge and voltage amplifiers. The results in this figure yield the same equivalent magnetic spectral noise density level as predicted by our theoretical analysis.
IV. CONCLUSION
With the help of a 1D Mason's model, we have analyzed the equivalent magnetic noise of ME laminate sensors. Such an analysis was done for both charge and voltage amplifier detection methods. We find that the theoretical model wellpredicts the equivalent magnetic noise level of the sensor. In addition, theory suggests ways to lower the noise floor by the use of material parameters, and gives correct limits set by the electronic conditioning. Finally, we conclude that there are no differences in term of ME laminated sensor noise using either well-designed classical voltage or charge amplifiers. Presently, the ultimate equivalent magnetic noise of the ME sensors is limited by the volume of the laminate, and the dielectric loss factor of the piezoelectric layer(s).
